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General Introduction 
 
 
In relation to silicate glass, this study investigated rare-earth containing oxide 
fluoride glass and the Kutani ware glaze. 
 
 
Section 1. The glaze of the Kutaniware 
Kutani ware is a traditional industry that is characteristic of Ishikawa Prefecture. 
It originated in the early Meireki era of (mid-17th century) in what is now Kaga-city, 
Ishikawa. About 50 years later, at the beginning of the 18th century, the craft suddenly 
came to use closed kilns. What was produced in this period is called "Ko-Kutani (old 
Kutani)", as distinct from the Kutani ware of the next generation. About 100 years 
subsequent to the beginning of closed kiln use, during the Bunka era, the Kaga Clan (Edo 
period) invited Aoki Mokubei from Kyoto, and started the Kasugayama kiln (present 
Yamanoue-machi, Kanazawa-city). Subsequently, other new kilns were started at the 
present sites of Kaga-city, Komatsu-city, and Nomi-city. These are called "Saiko-Kutani 
(revival Kutani)". Saiko-Kutani has characteristics whereby each kiln operated 
independently: various painting styles were born. As is well known today, those are 
theMokubei style, theYoshidaya style, the Iidaya style, the Eiraku style, the Shouza style, 
etc. A salient characteristic of Kutani ware is its splendid over glaze color, which is 
imparted using paints of five colors: green, blue, purple, yellow, and red. The 
characteristics of Kutani ware glaze go beyond the glaze color: it has superior 
transparency and glossiness in spite of its thick coating on the ceramic surface. 
Additionally, the underlying paint outlines can be discerned clearly. 
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Exfoliation of the overglaze color is a serious problem. It is the most important 
technical task of the Kutani-ware industry. Figure 1 depicts exfoliation of the over glaze 
color. This phenomenon is influenced by the glaze properties. Therefore, to solve this 
problem, the glaze properties and factors of the glaze that most influence the over glaze 
color must be investigated. 
 
 
Glaze is an important material characterizing pottery [1]. The origin of glaze is 
said to be ashes of the firewood of fuel flying up in a furnace at the time of firing, 
adhering to the body surface, and then changing to a glassy substance by heating. It 
turned out that this glassy substance, which was first obtained by chance, has effects of 
waterproofing the pottery and preventing it from becoming stained. Therefore, that glassy 
substance was improved to the present glaze [2]. The glaze currently used on Kutani ware 
is prepared from feldspar, silica, clay, and limestone. These materials are natural 
materials of which the chemical constitutions change easily, thereby making the glaze 
contents unstable. The glaze is located between the pottery body and the over glaze color; 
 Fig. 1. Exfoliation of the over glaze color. 
Exfoliated areas 
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it strongly influences the product quality [3,4]. However, in the Kutani ware industry, 
glaze modification and enhancement have been carried out insufficiently. Regarding 
glaze production, a producer’s experience and intuition are reportedly important. 
Therefore, there are no standards and common types of glaze. 
In the present day, regarding Kutani ware production, stabilization of quality and 
reduction of defects are becoming urgent tasks. Because the materials that the Kutani 
ware producer treats are natural materials, stabilization of quality has remained a difficult 
problem. Moreover, because the price of the Kutani ware was high, defective goods were 
not a problem in times past: measures could be taken according to preference. However, 
improvements in quality and manufacturing efficiency have now become necessary 
because of higher oil prices, inflows of cheap pottery from foreign countries, and 
shortening production runs to correspond to production variety. 
Based on those considerations, the study of glaze is important and necessary. Better 
knowledge of preparation methods and quality control methods are required. 
Examination of the glaze composition is the most typical technique used for investigation 
of the glaze [5,6]. However, even if the glaze composition is completely identical, 
changes attributable to properties of the particle size distribution of the glaze slurry differ 
[7]. In Chapter 1, we investigate the influence of the particle size distribution of the glaze 
slurry. Moreover, the effect and influence of the additive agent added to the glaze are 
investigated in Chapter 2. We examined how to control the glaze characteristic to prevent 
over glaze color exfoliation and crazing. In addition, the mechanism of occurrence of 
over glaze color exfoliation was examined from the change in glaze properties that 
occurred according to the particle size distribution of the glaze slurry and added agents. 
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Section 2.  Oxide fluoride glasses containing CeF3 
Glass has high functionality that is studied for new preparation technologies and 
precise processing techniques. Glass with high functionality is being investigated as a 
material that is indispensable for use in industrial fields of the near future. 
Generally, glass materials, contrasted to crystalline materials, present the 
following characteristics [8]. 
(1) Anisotropy does not occur in the structure; the physical properties are isotropic. 
(2) Flat and smooth polishing of the glass surface can be done to the atomic-level order. 
(3) Although the transmitted wave ranges vary according to the composition, it has 
excellent transparency. 
(4) Glass can melt active materials as a solid solvent. 
(5) Although it has the formation range of the vitrification, at the formation area in 
which it becomes glass, the physical properties can be changed continuously 
because the chemical composition can change continuously. 
(6) Glass can be formed easily into various shapes by heating processing because it has 
a softening temperature. 
(7) Partial ornamentation of the formation is possible; the physical properties can be 
partly changed through phase splitting, crystallization, ion exchange, and so on. 
(8) A glass transition temperature exists that separates the liquid and solid states. The 
state of movement of atoms or ions can change by heat treatment before and after 
the glass transition temperature. 
 
Glass can obtain by freezing the fusion and the glass includes the disorder of atomic 
arrangement. Regarding X-ray diffraction measurements, the glass presents a broad 
pattern that differs from the sharp peak obtained in the case of the crystal. The overall 
homogeneity that crystal has is lacking in glass. Figure 2 depicts a comparison of the 
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atomic arrangement of silica crystal and silica glass. Comparison of (a) crystal to (b) 
glass shows that the latter has an irregular network; the atomic arrangement is irregular. 
Zachariasen proposed this glass network structure; this model is called the irregular 
network structure hypothesis [9,10]. 
 
    
 
A stable coordination polyhedron (structural unit) exists in glass. The SiO4 tetrahedron 
constitutes the structural unit with the SiO2 glass. This structural unit shares a vertex 
forming the glass network in three dimensions. The Si-O-Si bond angle θ determines the 
arrangement of the SiO4 tetrahedron. Because of the lack of long-distance homogeneity 
of the glass, the distribution of the bond angle θ widens [11]. However, the structural 
unit has the regularity of the Si-O-Si bond angle; this regularity can be called 
short-distance regularity. The SiO4 tetrahedron shares the vertex oxygen; this oxygen is 
called bridge oxygen. Cut oxygen is called non-bridge oxygen when the alkaline metals 
or the alkaline-earth metals are added to such combined SiO2 glass. When non-bridge 
oxygen increases, the melting point decreases, and the workability improves because the 
fluidity increases. Moreover, non-bridge oxygen influences other chemical and physical 
properties [12].  
(a)                                                                        (b) 
Fig. 2. Structure models of silica crystal (a) and silica glass (b): 
Empty circles, oxygen; filled circles, silicon 
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Rare-earth elements have many characteristics that are not found in other elements 
because of the peculiar electron configuration of the rare earth. Specifically, the spatial 
extent and the energy of the 4f electron are important. Every Ln3+ (Ln: La – Lu) 
outermost shell electron configuration is a type s2p6. The electron configuration types 
5s25p6 of the lanthanide series are completely identical. Consequently, the chemical 
properties of the rare-earth ion are mutually similar. Figure 3 depicts the radius vector 
wave function that shows the spatial extent of the 4f electron. All 4forbitals are inside, 
and the electron cloud of the 5s and 5p orbital covers it in case of the lanthanide series. 
The spatial extent of the 4f orbital is small; it overlaps slightly with the electron cloud of 
the neighbor atom. Furthermore, the crystal field exerts little influence on the ligand field. 
 
Fig. 3. Electron density of 4f, 5s, 5p, 5d and 6s orbitals. [13] 
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Regarding rare-earth ions, the +3 valence electron becomes most stable at normal 
temperature and pressures. In fact, Fig. 4 shows the ionization energy that causes each 
oxidation number of La – Lu. It is understood that Sm, Eu, and Yb change the valence 
electron to +2 more easily than other rare-earth elements. In addition, Ce, Pr, and Tb 
more easily change the valence electron to +4 than other rare-earth elements. 
Among rare-earth elements, cerium is produced in large amounts; cerium 
materials such as ceria were used as grinding material or in various dopants from long 
ago. Recently, cerium compounds are used as an ultraviolet screening material for optical 
semiconductors, and as a catalyst for cars with a hydrogen occlusion function. In addition, 
they are widely anticipated for use in electrochemical reaction devices, fuel-cell 
Fig. 4. Ionization energy of 
rare-earth elements. [14] 
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electrolytes, or oxygen permeation films that use ionic conduction such as an oxide or a 
proton. Cerium compounds are being investigated intensively as advanced 
high-performance materials [15]. Cerium is used as an activated material of phosphors, 
and is being studied further. Furthermore, the Ce3+ content phosphor has high 
luminescence efficacy in the visible radiation area; it is applied to wide fields such as 
cathode-ray tubes of fluorescent lights, televisions, plasma televisions, or scintillators. It 
can be classified in heat emissions and the luminescence when the emission phenomena 
of the material are divided roughly. Luminescence shows the phenomenon of the 
radiation of the light in the process of return from an excitation state to a ground state. It 
is classified as cathode luminescence, photoluminescence, electroluminescence, and so 
on according to the form of excitation. The case in which the excitation energy is an 
electromagnetic wave (visible ray and ultraviolet ray) is called photoluminescence. The 
case in which the excitation energy is electron beam is called the cathode luminescence; 
and the case in which luminescence occurs by the influence of an electrical field is called 
electroluminescence [16]. Research into rare-earth luminescent materials has been done 
frequently. 
Rare-earth ions are divided into two patterns of electron transition related to the 
emission: 4f-4f and 4f-5d transitions. The 4f electron is only slightly influenced by the 
outside field because 5s and 5porbitals at the outside of the 4f orbital are filled with 
electrons, and cover the 4f orbital. For that reason, the 4f-4f transitions give a sharp line 
spectrum; that emission wavelength becomes a characteristic of the ion. For the 4f-5d 
transitions, the 5d orbit is influenced to the outer field because that is the outer orbit. 
Consequently, 4f-5d transitions show a wide band spectrum; that emission wavelength is 
influenced greatly by the outside field. Regarding cerium, the development of a 
compound that uses the fluorescence of the 4f-5d transition of Ce3+ is being developed for 
practical use. As an application of using UV emissions, the effectiveness against skin 
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disease of UV rays of the small wavelength range of 300–313 nm is acknowledged, and a 
lamp for such treatment is being put to practical use. As luminescent materials for 
low-pressure mercury lamps (wavelength 254 nm), YPO4:Ce3+, LaPO4:Ce3+, and so on 
have been developed [17]. Moreover, development of a scintillator for use in X-ray 
computed tomography (CT) and positron emission tomography (PET) are being carried 
out [18,19]. The scintillator requires rapid fluorescent damping time. Therefore, the 
fluorescence of the 4f-5d transition of Ce3+ is used. Gd2SiO5:Ce3+, Lu2SiO5:Ce3+, and so 
on are put to practical use [20]. In electro-luminescence studies, cerium is used as a blue 
electro-luminescence factor. Development of a high-brightness and high-efficiency blue 
electro-luminescence factor has remained an important subject for many years in 
inorganic electro-luminescence. The purity of the blue color of SrS:Ce was never good, 
although it was researched intensively. Because SrS:Ce gives a blue-green emission, the 
green component of the light must be cut off using a color filter. For that reason, the 
brightness was too low for practical use. In the 1990s, as blue electro-luminescence 
factors with high color purity, CaGa2S4:Ce, Ba2SiS4:Ce, and so on were examined [21].  
Chapter 3 reports oxide fluoride glasses containing CeF3 based on silica. Although 
cerium is being used as the blue phosphor emission center, the glass is an effective 
material from the viewpoint of efficient excitation light absorption and efficient emission 
because of high transparency. Furthermore, the oxide fluoride glass can provide both the 
advantages of oxide glass stability and fluoride glass transparency. Glass containing the 
rare-earth fluoride is made in an inert atmosphere with argon to prevent hydrolysis 
[22-25]. The glass, which contains cerium, is brown. Moreover, it shows a tendency for 
ease of coloration when the cerium concentration is high. The oxide fluoride glasses 
containing CeF3 that were made under the argon atmosphere show no fluorescent 
emission. However, the blue emission of the origin of the cerium ion is apparent in the 
glass that was made under a CO atmosphere. This shows that CO prevents oxidization of 
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the cerium and that the cerium ion of +3 valence electron exists in glass. Emission of 
Ce3+ influences the matrix because of the 4f-5d transitions. The relations between 
emission properties and glass matrices are an effective step to analyze the glass structure. 
Glass is the best material to examine the influence of the matrices because its 
composition can be changed continuously. This study investigates the establishment of 
preparation conditions and characterization of oxide fluoride glass containing CeF3. 
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Chapter 1 
 
Glaze-slurry particle-size distribution influences on physical properties of 
theKutni-ware glaze 
 
 
 
1-1. Introduction 
Glaze is typically prepared using materials such as feldspar, silica rock, clay, and 
limestone. During firing, the glaze is transformed into a glass film. Glaze has several 
functions including aesthetic enhancement, design intensity, and protection from dirt. An 
over-glaze color is given to a glaze surface after firing. The over-glaze color is usually 
produced using a colorant that is added to glass frit powder; it is then fired at ca. 800°C. 
The ornamental quality provided by the over-glaze color has been a characteristic of 
Kutani-ware since its origin in about the mid-17th century. However, over-glaze color 
exfoliation is a serious problem. Among researchers, the dominant opinion is that 
different thermal expansions of the glaze and over-glaze color causes exfoliation. 
However, Nakamichi [1] reported that the softening temperature of the glaze is related to 
over-glaze color exfoliation. A higher starting temperature of glaze softening tends to 
inhibit over-glaze color exfoliation. In that study, quartz crystals were detected in the 
glaze after firing. However, the influence of a solid phase in glaze, such as quartz, has not 
been examined in detail. Even for completely identical glaze preparations, changes of a 
glaze tone, crazing and over-glaze color exfoliation occur [1-4]. In the present study, the 
glaze particle size distribution is examined to elucidate its influence on crazing and 
over-glaze color exfoliation. 
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1-2. Experimental 
 
1-2-1 . Glaze preparation 
To date, newly developed glazes and marketed glazes have been analyzed, with 
results expressed in Seger style[5], as shown below, which indicates glaze characteristics. 
Seger’s equation: 
(αKNaO, βCaO)· xAl2O3 · ySiO2 (α+β=1). 
The glaze used for examination in this study can be expressed using Seger’s equation. 
(0.35KNaO, 0.65CaO)· 0.74Al2O3 · 6.5SiO2 
It is a transparent glaze that is generally called a lime glaze. This glaze is the original 
glaze developed at the Kutani-ware Research Center [6]. Through different preparations, 
this glaze can have tens of compositional combinations. We examined exfoliation of an 
over-glaze color, generation of crazing, etc. to determine the best condition. Glaze was 
produced with predetermined weights of Ohira feldspar, limestone, silica rock and kaolin, 
which were then mixed through grinding using a pot mill. The mixed grinding times were 
determined as 5 h, 10 h, 15 h, 20 h, and 25 h to consider the influence of the glaze 
slurry’s particle size distribution. The glaze was sampled, respectively, and sieved out at 
20 μm. The rate of the residue on the sieve was computed and each glaze was 
characterized. The particle size distribution of the glaze slurry was measured using a 
particle-size-distribution measurement device (LA-700; Horiba Ltd.). The glaze slurry 
was adjusted so that the water content was 50 mass%; the resultant mixture was taken as 
the glaze for examination. 
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1-2-2 Sample preparation 
An examination of the glaze sample was created for the evaluation of its physical 
properties. After applying a glaze to a biscuit body, reduction firing was carried out at 
1280°C. A crazing test and an over-glaze color exfoliation test were carried out using this 
specimen. Moreover, a melting pot made from porcelain was created and dried glaze was 
placed in it. Then, reduction firing was carried out at 1280°C, yielding a lump of glaze. 
That lump was cut out for thermal expansion measurements. 
 
1-2-3 Characterization 
The chemical composition of glaze was measured using a fluorescence X-ray 
analysis equipment (50 kV, 50 mA, 3270E; Rigaku Corp.). 
Powder X-ray-diffraction (XRD) equipment (RINT2100, 40 kV, 20 mA, CuKα; 
Rigaku Corp.) was used to estimate the state of the glaze before and after firing. 
The crazing test was done according to the water-quench method [7]. After heating 
the porcelain sample at 230°C, it was put into water set to 30°C. A thermal shock 
(Δ200°C) was thereby imparted and the state of the resultant crazing was observed. The 
over-glaze color exfoliation test used paints that are widely used currently in the 
Kutani-ware industry. The over-glaze colors were applied to the specimen and firing was 
done at 800°C. An adhesive tape was adhered to the paints and the adhesion state of 
paints was observed when removing the tape. The operation from 800°C firing to 
compulsive exfoliation by adhesive tape was repeated three times. 
The glaze lump was processed in the form of 5 mm φ × 20 mm h. The coefficient of 
thermal expansion was measured using an apparatus for thermo-mechanical analysis of 
the differential thermal expansion system (TMA300; Rigaku Corp.). Alumina was used 
as a standard sample. In addition, the heating rate was set as 10°C / min, the sample load 
was 2 g; the highest temperature was considered as 1000°C.A porcelain specimen was 
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embedded in resin for cross-sectional observations, which were made using a scanning 
electron microscope (SEM, S-510; Hitachi Ltd.). Distributions of Si and Al were 
measured using area analysis. The area analysis used an energy dispersion type X-ray 
analysis (EDX) equipment (EMAX-1770; Horiba Ltd.). The accelerating voltage was 
performed at 25 kV. 
 
 
1-3. Results and discussion 
 
1-3-1 Quantitative analysis of the glaze component 
Table 1-1 shows the relation between the grinding time and the weight of residue on 
the sieve at 20 μm. The weight of coarse particles decreased according to the grinding 
time. Hereinafter, we assume that each glaze is written as A-glaze (grinding time 5 h, 
44.1% of residue), B-glaze (grinding time 10 h, 22.4% of residue), C-glaze (grinding time 
15 h, 12.4% of residue), D-glaze (grinding time 20 h, 5.99% of residue), and E-glaze 
(grinding time 25 h, 3.01% of residue). 
 
 
 
Table 1-1. Relation between grinding time and particles coarser then 20 μm. 
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Figure 1-1 shows the particle size distribution of each glaze. The particle diameter is 
shown on the horizontal axis and the cumulative frequency is shown on the vertical axis. 
The rate of particles that are coarser than 20 μm shows good agreement by the 
frequency of the particle size distribution, and the weight of the residue on the sieve. That 
fact suggests that the compositions of the residues of respective glazes are not greatly 
different. Figure 1-2(a) shows the glaze content results for SiO2and Fig. 1-2(b) shows the 
K2O contents.  
Fig.1-1.  Particle size distribution of the glazes. 
◆:grinding time 5 h,  □:grinding time 10 h, ●:grinding time 15 h, △:grinding time 20 h, 
■:grinding time 25 h. 
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The amount of preparation for each glaze is the same. Therefore, irrespective of the 
amount of residue, a difference is not apparent in the contents of SiO2 or K2O in any 
glaze. However, changes of chemical composition are apparent in the residue on the sieve 
at 20 μm. The amount of SiO2 increased as the grinding time increased and the amount 
of K2O decreased as the grinding time lengthened. There were no great differences in the 
composition of the coarse particles larger than 20 μm apparent for Al2O3 or CaO. As 
described above, the following probably occurred: the feldspar is ground and becomes 
fine particles if the grinding time is long, but silica remains as coarse particles larger than 
20 μm. 
Fig. 1-2. Content of SiO2 and K2O in glaze samples. (a) SiO2, (b) K2O empty bar: all 
glaze, filled bar: over 20 μm particles. 
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1-3-2 Analyses of glaze using XRD 
Figure 1-3(a) shows XRD profiles of the prepared glazes before firing and Fig. 
1-3(b) shows the profiles of the glazes after firing. Except for the peak for the feldspar, 
which is observed to a slight degree with A-glaze, the quartz peak was observed for every 
glaze. The quartz peak difference was measured by the amount of residue of particles 
larger than 20 μm. Apparently, the difference of the peak intensity of each glaze results 
from differences of the dissolution during firing, i.e., a difference of the residual quartz 
volume. Figure 1-3(c) shows the profile after firing three times. The quartz peak intensity 
decreased when firing was repeated. It was not generated as a crystal in the glaze, but 
instead remained in the glaze without melting. 
Quantitative analyses were then carried out for the residual volume of quartz in 
respective glazes. The separation of SiO2 contained in the glassy phase and SiO2 as 
quartz was difficult for fluorescent X-ray analysis. Therefore, a fixed quantity of quartz 
in glaze was analyzed with XRD using the internal standard method [8]. Fluorite was 
used as an internal standard substance. Silica rock used for glaze materials was used as a 
standard substance. Moreover, presuming the glassy phase of the glaze, an unleaded frit 
was used for the matrix and a standard sample was created. Intensities of hkl=101 of 
quartz and hkl=111 of fluorite were used for the intensity ratio. 
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Fig. 1-3.  XRD profiles of glaze samples. (a) Before firing, (b) after firing at 1280℃, 
(c) after firing at 1280℃ 3 times.  
A: Grinding time 5h, B: 10h, C: 15h, D: 20h, E: 25h. 
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Results of quantitative analyses are shown in Fig. 1-4. Differences were apparent in 
the quantity of the remaining quartz according to the difference of the coarse size ratio in 
the glaze slurry. The difference of the amount of quartz that remained in the glaze was 
expected to affect the glaze characteristics. The glaze particle size has been examined in 
precedent studies only in terms of handling at the production site, such as the drying rate 
after applying the glaze or condensation of the glaze slurry [9]. It is necessary also to 
consider influences of the original glaze characteristics. 
 
 
 
 
 
 
 
 
 
Fig. 1-4.Amount of remnant quartz in glaze samples. 
A: Grinding time 5h, B: 10h, C: 15h, D: 20h, E: 25h. 
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1-3-3 Crazing test and over-glaze color exfoliation test 
A crazing test and an over-glaze color exfoliation test were carried out to investigate 
the influence of coarse particle quantity differences on actual porcelain-ware 
characteristics. Photographs taken after the crazing test are shown in Figs. 1-5(A) to 
1-5(E). The crazing was colored for easy observation. Fine crazing had already been 
generated in the case of the A-glaze after firing. The crazing was generated more densely 
in the order of B-, C-, and D-glazes. No crazing was observed for the E-glaze. These 
results show that the generation of crazing was influenced strongly by the amount of 
coarse particles in the glaze. 
In the over-glaze color exfoliation test, exfoliation of the over-glaze color did not 
occur from glazes containing large amounts of coarse particles such as A-glaze, B-glaze, 
and C-glaze. On the other hand, exfoliation occurred through the first cycle and all paints 
exfoliated after the second cycle for D- and E-glazes. Overall, it is apparently easy to 
generate crazes and difficult to induce exfoliation of the over-glaze color when the glaze 
contains many particles coarser than 20 μm. This experiment clarified that the particle 
size distribution of the glaze is related closely to the crazing and the over-glaze color 
exfoliation. These results give important information that is useful for the control of glaze 
properties at production sites. 
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Fig. 1-5.  Results of crazing test. 
A: A-glaze, grinding time 5 h, 
B: B-glaze, grinding time 10 h, 
C: C-glaze, grinding time 15 h, 
D: D-graze, grinding time 20 h, 
E: E-glaze, grinding time 25 h. 
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1-3-4 Thermal expansion measurements 
Results of the thermal expansion measurements for respective glazes are shown in 
Fig. 1-6. Even glazes expanded with an increased temperature and the transition points 
were observed near 770°C.  
 
 
 
Even for identical preparation compositions of glaze, thermal expansion differed 
according to the coarse-particle contents. This result probably reflects the influence of the 
residual volume of quartz in the glaze. From the fixed-quantity results of the remnant 
quartz, the amount of residue greater than 20 μm and the quantity of the remnant quartz 
in the glaze show a proportional relation. The glassy phase other than the remnant quartz 
of the A-glaze yields a more alkali-rich composition than in the preparation composition. 
In contrast, the glassy phase of E-glaze is a composition with much more silica than the 
A-glaze. Therefore, it is possible that it approaches the preparation composition. 
Many researchers have estimated the thermal expansion coefficient of glaze by a 
Fig. 1-6. Thermal expansion of glaze samples.◆: Grinding time 5 h, □: grinding time 10 h, 
●: grinding time 15 h, △: grinding time 20 h, ■: grinding time 25 h. 
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calculation [10-13]. For glazes that have been prepared mainly from silicate materials, the 
Appen factor calculation is reportedly consistent [14] with actual measurements. In 
addition, the thermal expansion coefficient has been calculated using Appen’s factor. The 
values of calculation 1 in Table 1-2 were calculated on the assumption that all preparation 
compositions became a glassy phase. The preparation compositions of A–E glazes are 
identical. Therefore, all values are also identical. 
 
 
 
The actual measurements at 400°C are shown in observations listed in that table. The 
calculated value and actual measurement of D-glaze and E-glaze were almost equal 
values. The differences of calculated values and actual measurements increased 
concomitant with an increased coarse-particle content. Calculation 2 shows a value that 
was deducted and recalculated separately for remnant quartz from the preparation 
composition of glaze. This value is shown for the theoretical thermal expansion 
Table 1-2.  Thermal expansion of glaze samples. 
Calc. 1: Calculated value of using Appen’s factor when all composition become glassy phase. 
Calc. 2: Calculated value of using Appen’s factor when the amount of remnant quartz is expected. 
Calc. 3: Calculated value of using Appen’s factor when the thermal expansion coefficient of 
remnant quartz is added. 
Obs.: Observed value.    A: Grinding time 5 h, B: 10 h, C: 15 h, D: 20 h, E: 25 h. 
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coefficient of the glassy phase that does not contain quartz. From this value, the thermal 
expansion coefficient of A-glaze, which contains many alkali elements in a glassy phase, 
and the thermal expansion coefficient of E-glaze, which contains many silica elements in 
a glassy phase, is shown to be different: the latter is smaller than the former. The result of 
this calculation is equivalent to that of the tendency of the thermal expansion coefficient 
of the actual measurement. Furthermore, calculation 3 shows the value calculated 
considering the thermal expansion coefficient of the quartz phase. The average thermal 
expansion coefficient (5.6 × 10-7 K-1) of quartz is 400°C, which is multiplied by the 
contents of the remaining quartz in the glaze, and is added to calculation 2. Although a 
difference in comparison to the actual measurements was noteworthy, it was more similar 
than the result of calculation 1. 
These results imply the following. Although the influence of the quartz on the 
thermal expansion is small, the remaining quartz in the glaze influences the chemical 
compositional change of the glassy phase of glaze. Consequently, it affects the thermal 
expansion. The quantity of the remaining quartz in the glaze changes with the amount of 
coarse particles; moreover, the chemical composition that becomes a glassy phase 
changes. If much residual quartz exists, the glassy phase of the glaze will serve as a 
composition with much alkali, and the thermal expansion coefficient will be large. On the 
other hand, a small residual amount of quartz will alter the glaze to approach the 
preparation composition. The glaze glassy phase serves as a chemical composition with 
much silica, and the thermal expansion coefficient becomes small. The difference of the 
actual measurements (observation) and the final calculated value (calculation 3) is the 
result of small cracks and small air bubbles that exist in the glaze. 
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1-3-5 Observation of a glaze section 
 
   
 
 
Figure 1-7 shows cross sectional photographs of A-, C-, and E-glazes. Many air 
bubbles were generated in the glaze. Although the air bubble size differed according to 
the amounts of coarse particles, the bubbles were generated mostly in the interface with 
the ceramic body. The air bubbles of the E-glaze had the uniform size of ca. 30 μm. The 
A-glaze air bubble size was 10–100 μm, perhaps because of the differences of the coarse 
particles contained in the glaze. Large particles can block a dense filling. For that reason, 
during firing, viscosity is high because of the numerous coarse particles. Consequently, 
the dissolved glassy phase has difficulty entering spaces between particles. For the 
A-glaze, because many coarse particles exist, the generated air bubbles can escape easily 
Fig. 1-7. SEM image of cross section of 
glaze. 
(a): A-glaze, grinding time 5 h, 
(b): C-glaze, grinding time 10 h, 
(c): E-glaze, grinding time 15 h. 
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from among the particles. The small air bubbles can escape easily from among the 
particles, but because large air bubbles cannot escape easily from among the particles, it 
is possible that they remain inside the glaze. The E-glaze has few coarse particles; 
therefore, it has narrow inter-particle spaces. Therefore, the air bubbles cannot escape 
easily from inside of the glaze. It is possible that they remain belt-like inside the glaze.It 
can be inferred that the conditions of air bubble occurrence are related closely to the 
quantity of coarse particles in the glaze. Air bubbles inside the glaze are known to 
influence the pottery texture. Therefore, the control of air bubbles might express the 
pottery texture. Figure 1-8 shows the result of mapping using EDX of Si and Al in glaze. 
Here, Si, which is considered to originate from SiO2, is concentrated and distributed over 
the surface of airbubbles. Thereby, it is explainable that air bubbles that originate in the 
coarse particles are hard to dissolve. In the A-glaze, which contains many coarse particles, 
Si is considered to represent the particles of quartz detected along with the crazing part. 
Moreover, Si is detected in layers on the glaze surface, and fine quartz particles might 
exist in the glaze surface. Although this might confirm the C-glaze, confirmation of 
E-glaze was incomplete. Furthermore, Al had a low distribution in the A-glaze, and a 
high distribution in the E-glaze. Results clarified that glazes containing many coarse 
particles tended to generate deviations of composition, along with large air bubbles, in 
the glaze. 
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Fig. 1-8. Mapping by using EDX.  
(a): Si of A-glaze, (b): Si of C-glaze, (c) Si of E-glaze, 
(d): Al of A-glaze, (e): Al of C-glaze, (f): Al of E-glaze. 
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Chapter 2 
 
Property modification of glaze quality 
 
 
 
 
2-1. Introduction 
Ornamentation using overglaze color is the most important process for Kutani ware, but 
over glaze color, exfoliation poses the most serious problem, and should be immediately 
solved. The preceding chapter showed that the particle-size distribution of a glaze slurry 
influences overglaze color exfoliation and crazing. Furthermore, by controlling the 
quantity of remnant quartz in the glaze by managing the particle-size distribution of a 
glaze, exfoliation prevention and craze suppression are attainable. On the other hand, the 
glaze characteristics originate in glaze components. Glaze having various characteristics 
can be constituted through design of composition preparation [1,2]. The glaze used for 
the preceding chapter was glaze designed for exfoliation prevention over glaze color. In 
this glaze, the melting temperature is slightly high because the respective firing 
conditions of producers’ kilns differ. Respective optimization of firing conditions of the 
pottery is ideal, but investigating the respective characteristics of the pottery furnaces, 
and evaluating many kinds of experimental glazes requires very much time and effort. 
Moreover, because of changing states of kilns, it is also necessary to optimize to the 
specifications which can allow for variations: it would entail developing a glaze that is 
specially designed for each piece. That task would divert this study from the original 
purpose of developing a basic glaze. This chapter presents an investigation of the change 
of the glaze properties by adding various additives to existing glaze––the basic glaze we 
developed––to achieve the task described above. For example, for the Kutaniware 
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industry, the mode of adding silica is altered as a measure against overglaze color 
exfoliation. It is a good example of improving a pottery glaze. For this study, silica rock, 
zinc oxide, and strontium carbonate were chosen as additives. Adding of silica was done 
to confirm the exfoliation prevention effect. Zinc oxide is well used for glazes [3]. As for 
strontium carbonate, its effect has not been examined in detail to date. Such materials 
were added to the basic glaze we developed; then the glaze property modification was 
investigated. 
 
 
 
 
2-2. Experimental 
The base glaze was made from feldspar, silica rock, limestone, and kaolinite. The 
raw material was ground using the thorium mill. The glaze is the lime glaze shown as the 
following Seger equation [4,5]. 
(0.35KNaO, 0.65CaO) 0.74Al2O3 6.5SiO2 
The glaze slurry was passed through a sieve of 635 mesh (opening 20 µm), and 
adjusted so that the rate of the coarse particles over 20 µm might become 12–14 mass%. 
Next, each additive was added to the base glaze at the rate of the 2.5, 5.0, 7.5, 10.0 
mass%; these glazes were prepared for the examination. Silica rock (SiO2, 
Jyunkeiseki300; Seto Ceramic Raw Materials Co. Ltd.), strontium carbonate (SrCO3, 
Sakai Chemical Industry Co. Ltd.), and zinc oxide (ZnO, Sakai Chemical Industry Co. 
Ltd.) were used as additives. The ZnO was used after pre-firing at 1000°C for 1 h. 
Because of its particles were fine. Therefore, size enlargement was easy and they did not 
disperse easily into the slurry. 
Qualitative analysis (fundamental parameter law [6]) and quantitative analysis 
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(analytical curve law [7]) were carried out using an X-ray fluorescent analysis device 
(XRF, 50 kV, 50 mA, 3270E; Rigaku Corp.), which confirmed whether the glaze was 
suitable for the mixing purposes. 
A body of 100 × 100 mm was formed using pressure casting; the test piece was 
then cut out to 8 × 4 × 40 mm. A 100-mm-diameter dish was used for examination of the 
overglaze color exfoliation and for examination of crazing. The tabular test piece was 
used for examination of the flexural strength; that size was based on the Japanese 
Ceramics Society standard (JCRS 203, “Testing Method for Flexural Strength of 
Strengthened Porcelain Materials for Tableware”) [8–11]. Test pieces were made 
respectively using two kinds of body (a cast molded body and a translucent body [12]) to 
compare the influence of additives on the test glaze strength. 
The overglaze color was applied on the plate on which the test glaze was given; 
then firing at 800°C was repeated three times in the electric furnace. The overglaze color 
condition was observed; the overglaze color exfoliation test was carried out. The craze 
examination was carried out with quenching into water of different temperature by 200°C 
[13]. The crack conditions were observed. 
Melting temperatures of the SrCO3 and ZnO added glazes were measured using 
the high temperature heat microscope. The heating speed was done at 10°C per minute. A 
press molding (3 mm × 3 mm) was made from the test glaze. The melting temperature 
was judged as that when the molding changed to half circle during heating. 
The flexural strength evaluation was carried out with a three-point flexural test. 
The distance between supporting points: 30 ± 0.5 mm  
The distance between the load points: 1/2 the sample length 
Crosshead speed: 5 mm /min 
The test pieces were fifteen each. The test conditions were based on the Japanese 
Ceramics Society standard. 
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The flexural strength was calculated from the following equation. 
σ=3PLs/2wt2 
In that equation, the following pertain. 
σ: Three-point flexural strength (MPa) 
P: Maximum load (N) when the test piece destroyed it 
Ls: Distance (mm) between supporting points 
w: Width (mm) of the test piece 
t: Thickness (mm) of the test piece 
 
To monitor the change of brightness caused by the additive, the Hunter’s value 
was measured using a spectrophotometer (CM-3600d; Minolta Co. Ltd.). 
Porcelain specimens were embedded in resin for cross sectional observations, 
which were made using a scanning electron microscope (SEM, S-510; Hitachi Ltd.). 
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2-3. Results and discussion 
 
2-3-1 Exfoliation and crazing test 
Table 2-1 presents results of the overglaze color exfoliation and crazing tests. 
 
 
 
 
Regarding the overglaze color exfoliation test, when the overglaze color was chipped 
even slightly, it was judged as exfoliation. Generally, a crack occurs with high probability 
at a temperature differential 200°C in crazing test conditions. For that reason, it was not 
judged whether there was an occurrence of a crack, but the condition of the formation of 
the crack that occurred by the test glaze was observed. Particularly, SiO2 is effective for 
prevention of overglaze color exfoliation, according tothe example at the production site. 
Minute cracks occurred as a result of the crazing test, probably because the remnant SiO2 
particles in the glaze increased. With SiO2 addition, crazing tends to occur easily. For 
SrCO3 addition, when the added quantity increases, the possibility of the occurrence of 
Table 2-1.  Results of the crazing test and the over glaze color exfoliation test. 
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the overglaze color exfoliation rises. Each crack grows large, and the number of cracks 
tends to decrease when the quantity of addition becomes great. For 7.5 mass% of ZnO 
addition, it was judged that exfoliation occurred because the edge of the overglaze color 
was chipped slightly. However, it was not a condition in which the crack occurred 
between the overglaze color and the glaze. Results of the crazing test showed that an 
increase in additives decreased the cracks. Moreover, the crack showed a tendency to 
become shallow. Although it was qualitative, the characteristics of each additive well 
appeared in the result of the overglaze color exfoliation test and the crazing test. 
Particularly, addition of the ZnO became a good result for prevention of the overglaze 
color exfoliation and control of crazing: ZnO is effective as a glaze additive for Kutani 
ware. 
 
2-3-2 Melting temperature and melting start temperature 
Measurement results of melting start temperature and melting temperature with 
the test glaze to which SrCO3 and ZnO were added are presented respectively in Fig. 2-1 
and Fig. 2-2. 
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Fig. 2-1.  Melting start temperature changes with addition of SrCO3 and ZnO: 
■, SrCO3 addition; ○, ZnO addition. 
 
Fig. 2-2.  Melting temperature changes with addition of SrCO3 and ZnO: 
■, SrCO3 addition; ○, ZnO addition. 
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Because the absolute value of the melting start temperature and the melting 
temperature changed with the rate of heating, the melting start temperature and melting 
temperature of the base glaze were measured first without addition. The differences 
betweenthe base glaze value and the test glaze value were then assessed. Regarding the 
glaze, not only the melting temperature but also the melting start is important to decide 
the firing temperature profile. Porcelain such as Kutani ware is produced using a special 
firing method called reduction firing, which makes the furnace interior into a reduction 
condition (CO atmosphere) through imperfect combustion; it is heated to more than 
1200°C after heating to about 950°C in air. The reducing atmosphere is made by opening 
and shutting the damper at the base of the chimney of the furnace. The iron compounds 
contained in the body or the glazes are reduced, and the formation of the factor of red is 
controlled. The resultant body material becomes blue white because of this reduction 
firing. Generally, the glaze melting starts in a reducing atmosphere. The CO 
concentration at the reduction state influences the problem, which occurs in the product 
such as the occurrence of the bubble or darkening. As soon as the reduction is started, 
when the glaze begins melting to a glassy state at low temperature, the condition is such 
that the volatility of the body material is covered; the covering glaze does not come off 
easily. For that reason, bubbles and other imperfections are retained in the body material. 
On the other hand, when the glaze melting temperature is high, the 
low-melting-temperature elements contained in the body start to melt at first, and become 
a factor of the body deformation. In other words, information about the melting start 
temperature and that about the glaze melting temperature is important to control these 
phenomena. Addition of SrCO3 and ZnO reduced the melting temperature. In addition, 
the melting temperature decreased concomitantly with the increase of the added quantity. 
The melting start temperature and the glaze melting temperature are controllable by the 
quantity and kind of the additive. 
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2-3-3  Flexural strength 
Flexural strength test results are presented in Fig. 2-3. 
 
 
 
 
 
 
The indication of Std. denotes samples with the base glaze put on two kinds of bodies 
(cast molding body and translucent body). In the figure, Si shows a test piece made from 
the SiO2 additive glaze; the number shows the quantity of the additive. The test pieces 
made from the glazes of SrCO3 and ZnO additive are denoted respectively as Sr and Zn. 
The change in the flexural strength by the amount of additive showed a similar tendency 
in both bodies. Although a slight rise was observed with the cast molding body, almost 
no change was observed in the flexural strength in case of the SiO2 additive glaze. For the 
SrCO3 additive glaze, an increase in strength of about 5 MPa was observed compared to 
that of the base glaze. Similar tendencies were observed for both bodies. Increased 
strength of about 10 MPa was observed compared to the base glaze of the cast molding 
Fig. 2-3.  Flexural strength changes by the kind and the amount of additive. 
■ : Sample glazes were put on the translucent body. 
● :Sample glazes were put on the cast molding body. 
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body with a ZnO additive of 5.0 mass%. For the base glaze, the translucent body strength 
was higher than that of the cast molding body. Even when the additive was added, this 
difference did not change greatly. In other words, the difference of strength with Std. 
samples appeared according to the difference in glaze. The addition of SrCO3 and ZnO 
improved the flexural strength. The melting temperature was lowered by the additive, and 
a change to glassiness of the glaze was promoted; the remnants of the particles decreased 
when the melting temperature results of the former paragraph are considered together. 
The glaze will become homogenous and contribute to flexural strength improvement. On 
the other hand, for SiO2, it is inferred that the remnants of the particles in the glaze 
increase. Consequently, no great change in strength was observed. However, for the cast 
molded body, increased strength was observed when the added amount increased. This is 
probably attributable to the small particles of the SiO2 melting or filling up the space of 
the body. The body becomes closely packed and structured; it can be inferred that the 
strength improved as a result. 
 
2-3-4 Measurement of brightness 
The brightness measurement results are presented in Fig. 2-4. The kind or amount of the 
additive induced changes in brightness. The results show that the brightness is high when 
the value in the figure is high. The brightness became high when the SiO2 and the ZnO 
were added. For SrCO3, the brightness was low compared to that of other additives. It is 
possible to control the body brightness with the additive. The body brightness is an 
important factor to express the luxury of the product. The overglaze color decoration is a 
characteristic of Kutani ware. Therefore, analyses tend to be devoted to coloration. 
However, because the transparency of the overglaze color is the most remarkable 
characteristic of Kutani ware, the body color is an important factor determining the 
coloring of the overglaze. Consumers’ tastes differ according to diverse life-styles, 
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backgrounds, and so on. Materials of many kinds are necessary to develop products 
corresponding to various demands. However, for Kutani ware, few kinds of bodies can be 
used because of the influence of the contraction. This study obtained results of body 
brightness change by adding additives to the glaze. Adding the additive to the glaze 
shows one possibility for increasing the variety of Kutani-ware body materials. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2-4.  Brightness (Hunter value) changes by the kind and the amount of additive. 
Filled bars show samples using the cast molding body; empty bars show samples using 
the translucent body. 
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2-3-5 The scanning electron microscope observations 
Scanning electron microscope (SEM) images of the glaze cross section were 
observed to examine glaze characteristics with additives in detail. The SEM images 
(×200) of each test glaze of the 10 mass% additions are depicted in Figs. 2-5(a) to 2-5(f). 
Figures 2-5(d) to 2-5(f) portray SEM images × 1000. For the SiO2 additive glaze, it can 
be observed that many particles are included and that the unevenness is confirmed. 
Moreover, many bubbles appeared in the glaze layer. Cracks occur easily because of the 
many particles included in the glaze. For the SrCO3 additive glaze, the glaze layer 
became homogeneous and the bubbles decreased. Bubbles of about 10–40 µm are visible. 
For the ZnO additive glaze, the glaze layer is as homogeneous as SrCO3. It is 
characteristic that the numerous tiny bubbles of comparatively equal size (ca. 5 µm) 
appeared in the glaze. Regarding these little bubbles, they are seen in and around the 
glaze layer surface. They can be explained according to the following from the 
measurement results. Remnant bubbles or grain particles in the glaze improve the 
brightness with SiO2 and ZnO addition. A light will reflect diffusely by the remnant 
particles and bubbles, thereby improving the body brightness. For the SrCO3 additive 
glaze, the improved glaze layer homogeneity increases the glaze transparency. For that 
reason, a light can be shone through easily, and the color of the body material itself was 
noted. The brightness of the SrCO3 addition glaze was lower than those of the other 
additive glazes. As described before regarding the ZnO additive glaze, the crack depth 
tended to become shallow because bubble on the glaze surface relieved the stress. The 
crack became large by increasing the quantity of SrCO3 because the glaze homogeneity 
rises or the bubbles, which relieve the stress, become fewer. The craze cracks are fine in 
case of the SiO2 additive glaze; many particles can be observed in the glaze. For those 
reasons, it can be inferred that the glaze layer is heterogeneous. 
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(a)                                                                     (d) 
         
(b)                                                                  (e) 
         
(c)                                                                  (f) 
 
 
 
 
 
Fig. 2-5.  SEM images of cross section of sample glaze: 
(a) SiO2 added glaze (×200); (b) SrCO3 added glaze (×200); (c) ZnO added glaze 
(×200); (d) SiO2 added glaze (×1000); (e) SrCO3 added glaze (×1000); (f): ZnO added 
glaze (×1000) 
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Chapter 3 
 
Preparation and optical properties of CeF3-BaF2-AlF3-SiO2 glasses 
 
 
3-1. Introduction 
We have reported the preparation and properties of oxide fluoride glasses 
containing rare earth elements [1–3]. The oxide fluoride glasses were anticipated as a 
new optical material. Every rare earth element has unique optical properties because of its 
configuration of electrons in the 4f orbitals. Cerium is the most common among rare 
earth elements in the earth’s crust: approximately 40% of rare earth elements [4] and Ce3+ 
is considered as the key element for optical devices [5-9]. Studies investigating cerium 
compounds for their use in catalysts, abrasive materials, solid electrolytes, and optical 
materials, etc. are also widely performed [10]. In those researches it has been reported 
that the control of the valence of cerium ion is important to control the optical properties 
of the glasses. Especially the Ce3+ content is directly related to the performance of the 
compound as the scintillation counter material, phosphor and LED materials [8, 11-13]. 
Radiation emission of Ce3+ causes the transitions between the 4f and 5d electronic states. 
The 5d electronic state is influenced by the ligand field. There is an approach of 
combining the anion (O2- and Cl-) for improvement of the light yield [12]. In this point of 
view, oxide fluoride glasses that contains two different anions may also be interesting to 
be studied because fluoride ion has very close ionic radius to O2- and lower polarizability. 
Although there are lots of reports about oxide or fluoride glass for their structure and 
properties, the oxide fluoride glasses has not been studied due to the difficulty of the 
preparation. It is difficult to prepare the oxide fluoride glasses containing lanthanide ions 
because of the hydrolysis of lanthanide trifluorides during melting process. For example, 
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CeF3 can be used as the dopant for the oxide glass [7] but it is difficult to avoid the 
hydrolysis of CeF3 (dried as possible under vacuum) during melting process even in Ar 
atmosphere containing 10 ppm H2O. In case of Ref. [7], fluorine must be lost during 
melting process because the melting temperature was more than 1000 oC [14]. That 
means the product was not an oxide fluoride glass but an oxide glass because the 
hydrolysis of CeF3 undergoes more than 700 oC as mention above. This hydrolysis of 
CeF3 and the subsequent oxidation of Ce3+ causes the generation of Ce4+ in the product.  
Among oxide fluoride glasses containing the rare earth elements, 
CeF3-BaF2-AlF3-SiO2 glasses were investigated in this study. The glasses in this system 
were brown when they were produced even in inert gas (Ar). The brown color is 
attributable to the presence of both Ce3+ and Ce4+ ions that have different energy levels in 
the glass. The energy transition which takes place between Ce3+ and Ce4+ causes the 
brown color. This mixed-valence state of cerium ion resulted from hydrolysis and 
oxidation at high temperature. It was first found in this paper that colorless or light 
yellow CeF3-BaF2-AlF3-SiO2 glass was obtained instead of brown one when the glass 
was produced in a CO atmosphere. Oxidization of cerium ion is controlled in this case. 
The amount of Ce3+ in the glass increased and a very low content of Ce4+ was achieved. 
These glasses have blue emission from Ce3+ under UV irradiation (365 nm). Although it 
has been reported that the addition of carbon powder during melting is effective to avoid 
the oxidation of Ce3+ to Ce4+ in case of oxide glasses, the decomposition and/or 
hydrolysis of CeF3 was not avoided in case of the oxide fluoride glasses. In addition, the 
Pt or Pt/Au container was badly damaged in case of using H2 atmosphere. In this work, 
the glasses having different characteristics can be prepared under an Ar or CO 
atmosphere. 
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3-2. Experimental 
The starting materials used for this study were CeF3 (4N; Soekawa Chemical Co. 
Ltd.), BaF2 (4N; Soekawa Chemical Co. Ltd), AlF3 (3N; Wako Pure Chemical Industries, 
Ltd.), and SiO2 (3N; Kishida Chemical Co. Ltd.). Those starting materials were mixed 
using an alumina mortar. The mixture was dried under vacuum for more than 12 h. The 
mixture was then compressed in a platinum boat and set in an electric furnace filled with 
CO or Ar gas. The mixture was heated to 1300°C at 7–10°C min-1 and held for 30–90 
min. For quenching, it was taken out from the furnace and then was put onto molecular 
sieves (Molecular Sieves 13X 1/8, Wako Pure Chemical Industries, Ltd.) bed cooled with 
liquid nitrogen. The cooling rate was ca. 130°C·s-1. For each glass composition, the 
maximum temperature was fixed and optimization of the heating rate and holding time 
were attempted. 
The products were characterized using X-ray powder diffraction (XRD, 
RINT2100; Rigaku Corp.). The fluorescence of the product was confirmed using a UV 
light (365 nm wavelength). The fluorescence spectrum was measured using a 
spectrophotometer (Spectrophotometer 850; Hitachi Ltd.). After the obtained peaks of 
fluorescence spectra were analyzed and separated using peak analysis software (PeakFit; 
SeaSolve Software Inc.), the electronic states of the elements in the glass were assessed 
using X-ray photoelectron spectroscopy (XPS, JPS-9010MC; JEOL Ltd.). 
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3-3. Results and discussion 
 
3-3-1 Preparation of oxide fluoride glasses containing CeF3 
Pale yellow glasses were obtained in CeF3-BaF2-AlF3-SiO2 system in A CO 
atmosphere. At the composition around 10CeF3-20BaF2-10AlF3-60SiO2 or 
20CeF3-10BaF2-10AlF3-60SiO2, the glass was reproducibly prepared by heating 1300°C for 
90 min. Optimizing the conditions such as heating temperature, holding time, heating rate, 
and controlling the hydrolysis of rare earth fluoride, the composition range to prepare the 
glass was slightly extended. Brown glass tended to be obtained in cases of higher CeF3 
contents, even in CO. It was possible to produce a glass containing 40 mol% of CeF3 as a 
maximum. Fig. 1 depicts the phase diagram of CeF3-BaF2-AlF3-SiO2 glass. The open 
circle shows a composition with which the glass formation was possible by heating at 
1300°C, with 30–90 min holding. The closed circle shows a composition with which the 
glass formation was not possible. During the glass preparation process, the sample weight 
decreased about 18 wt%. If this weight loss was due to the hydrolysis only, fluorine has 
to be lost completely. But it was confirmed by X-ray fluorescent spectroscopy (XFS) 
measurement that 43 and 22 % of fluorine in the starting mixture remained in the product 
prepared in a CO and an Ar atmospheres, respectively. This means that the hydrolysis of 
CeF3 was controlled in a CO atmosphere although CeF3 was hydrolyzed during the both 
preparation process in a CO and an Ar atmospheres. The hydrolysis of LnF3 proceeds to 
produce Ln2O3 via LnOxFy [14]. In case of cerium, the final product of hydrolysis is CeO2 
which might be derived from Ce2O3 and/or CeOxFy. That is, the hydrolysis of CeF3 
includes several reaction processes. In case of the glasses here, the reaction from CeOxFy 
to CeO2 seems to be controlled in a CO atmosphere. In case of the melting in an Ar 
atmosphere, the oxidative decomposition of CeOxFy (the reaction with H2O to produce 
HF) proceeds and Ce4+ generates in the sample (x value increases). 
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Fig. 3-1 Phase diagram of CeF3-BaF2-10AlF3-SiO2 system by nominal composition. 
The open circle shows a composition with which the glass formation was possible by firing at 1300°C, 
with 30–90 min holding. The closed circle shows a composition with which the glass formation was 
impossible. 
 
Fig. 3-2 Phase diagram of CeF3-BaF2-10AlF3-SiO2 system by analyzed composition. 
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Fig. 3-3-1    10CeF3-20BaF2-10AlF3-60SiO2            Fig. 3-3-2    20CeF3-10BaF2-10AlF3-60SiO2 
 
        
Fig. 3-3-3   10CeF3-30BaF2-10AlF3-50SiO2             Fig. 3-3-4   20CeF3-20BaF2-10AlF3-50SiO2 
 
               
Fig. 3-3-5    30CeF3-10BaF2-10AlF3-50SiO2           Fig. 3-3-6    40CeF3-10BaF2-10AlF3-40SiO2 
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3-3-2 Density and Refractive index 
Relationship between density and the refractive index of CeF3-BaF2-AlF3-SiO2 
glasses are shown in figure 3-4. Cross dots and black dots in figure 3-4 respectively 
corresponds to data of typical oxide and fluoride glasses [18]. The plots of 
CeF3-BaF2-AlF3-SiO2 glasses were located between oxide and fluoride glasses. Data of 
60 mol% oxide and 40 mol% fluoride (10CeF3-20BaF2-10AlF3-60SiO2, 
20CeF3-10BaF2-10AlF3-60SiO2) closely approximated to oxide glasses. The respective 
refractive indexes and densities of CeF3-BaF2-AlF3-SiO2 glasses are listed in Table 3-1 
and 3-2. 
 
 
 
Table 3-1 Refractive Indexes of CeF3-BaF2-AlF3-SiO2 glasses. 
Table 3-2 Densities of CeF3-BaF2-AlF3-SiO2 glasses. 
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Fig. 3-4  Relationship between density and the refractive index. 
+; oxide glass,  
-; fluoride glass 
◇; CeF3-BaF2-AlF3-SiO2 
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3-3-3 Glass transition temperatures 
Respective glass transition temperatures of the CeF3-BaF2-AlF3-SiO2 glasses are 
listed in Table 3-3. When the content of SiO2 is large the glass transition temperature is 
high. The glass transition temperature takes the near value when the content of SiO2 is the 
same. 
 
 
 
 
 
 
 
 
3-3-4 Fluorescence spectra 
The brown Ce3+ - Ce4+ oxide fluoride glass produced in Ar atmosphere did not 
emit any fluorescence, while the glass produced in CO gas exhibited blue emission under 
UV irradiation (365 nm). The photographs of the glasses, which were emitted under UV 
irradiation (365m), are shown in the figures 3-5.  
 
Table 3-3  Glass transition temperatures of CeF3-BaF2-AlF3-SiO2 
 60 
       
Fig. 3-5-1    10CeF3-20BaF2-10AlF3-60SiO2            Fig. 3-5-2    20CeF3-10BaF2-10AlF3-60SiO2 
 
      
Fig. 3-5-3   10CeF3-30BaF2-10AlF3-50SiO2             Fig. 3-5-4   20CeF3-20BaF2-10AlF3-50SiO2 
 
                
Fig. 3-5-5    30CeF3-10BaF2-10AlF3-50SiO2           Fig. 3-5-6    40CeF3-10BaF2-10AlF3-40SiO2 
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Fig. 3-6 depicts the profiles of the excitation spectra under emission wavelength at 435 
nm. Two broad peaks are observed at 320 nm and 348 nm in the excitation spectrum. The 
peak at 320 nm was larger than that at 348 nm. Therefore, the wavelength for the 
excitation of the emission spectra was determined as 320 nm spectra for 
10CeF3-20BaF2-10AlF3-60SiO2 glasses. Figure 3-6 depicts the profiles of the emission 
spectra excited at 310, 320, 330, 357 and 366 nm.  
 
 
              
Fig. 3-6 Excitation spectrum of 10CeF3-20BaF2-10AlF3-60SiO2 glass prepared in CO. The 
excitation spectrum under the emission wavelength at 435 nm. 
 
 62 
 
 
Radiation absorption and emission of Ce3+ occur because of the transition of an electron 
from the 4f orbital into the 5d orbital [19]. Generally, the profile in the emission spectra 
corresponds to the 5d-4f transition, which is broader than the 4f-4f transition. As shown 
in figure 3-6, the peak position for excitation at 320 nm was located at a shorter 
wavelength than that at 357 nm excitation. To investigate these differences in the 
emission profiles in detail, the peak was deconvoluted using a Gaussian function. Figure 
3-7depicts the result of the peak analysis of the emission profile excited at 320 nm.  
Fig. 3-7 Emission spectra of 10CeF3-20BaF2-10AlF3-60SiO2 glass prepared in CO for 
several excitation wavelengths. 
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The results for all profiles portrayed in figure 3-6 are presented in Table 3-4. Every 
emission peak consisted of three peaks that have the peak position at about 410 (peak-1), 
445 (peak-2), and 490 nm (peak-3). Matsui et al. [20] also reported the existence of the 
three peaks from peak analysis of the Ce3+ emission spectrum in Y2SiO5 crystal. The 
difference between peak-1 and peak-2 might correspond to the split (2000 cm-1) of 2F5/2 
and 2F7/2 by spin-orbit interaction [19-24]. Peak-3 corresponds tothe presence of Ce3+ 
with CN=7, whereas peak-1 and peak-2 correspond to that with CN=6 reported in the 
literature. Therefore, two kinds of Ce3+ might be located in different environments in the 
considered glass. As a result of peak analysis, the intensity of peak-3 tends to be stronger 
when the excitation wavelength is elongated. The quantum efficiency for peak-3 might 
depend on the environment around the Ce3+. Figure 3-8 depicts the energy calculated 
from each wavelength of peak-1 and the peak-2. The energy differences between peak-1 
and peak-2 are approximately 1600 cm-1; they became small as compared to the energy 
difference of 2F5/2, and 2F7/2. As reported by Matsui et al., the presence of two kinds of 
Fig. 3-8 Decomposition of the emission spectrum of 10CeF3-20BaF2-10AlF3-60SiO2glass 
prepared in CO under the excitation wavelength at 320nm. The solid line shows observed 
spectrum. The dashed lines show calculated spectra. 
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Ce3+ cations in Y2SiO5:Ce3+ seems to cause too small of an energy difference betweenthe 
2F5/2 and 2F7/2 levels [20]. The results in figure 3-8 might be consistent with that 
supposition. There must be variation in the environment around Ce3+ in the glasses here. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 3-4 Analysis of emission spectra of 10CeF3-20BaF2-10AlF3-60SiO2glass using a 
Gaussian function for several excitation wavelengths. 
 
Fig. 3-9 Energy differences of peak-1 and peak-2 for several excitation wavelengths of 
10CeF3-20BaF2-10AlF3-60SiO2 glass prepared in CO. 
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3-3-5 XPS spectra 
Figures 3-10 to 3–13 show XPS spectra of F1s, O1s, Ce3d, and Ce4d in glasses 
prepared in an Ar and a CO atmospheres. The F1s peak in the glass prepared in a CO 
atmosphere was more intense than that in the glass prepared in an Ar atmosphere, as 
presented in Fig. 3-10, and the peak position shifted to a lower energy than that of CeF3. 
Therefore, there is less fluoride ion in the glass prepared in an Ar atmosphere than in the 
glass prepared in a CO atmosphere. This difference is consistent with the result of 
quantitative analysis of fluoride ion by XFS measurement as mentioned before. The 
oxidative decomposition of Ce3+ containing intermediate (CeOxFy where 2x+y=3) such as 
CeOF generated by hydrolysis of CeF3 seemed to be controlled in a CO atmosphere. 
Since the fluoride ion withdraws the electron cloud more strongly rather than oxide ion, 
the electron cloud seems to be withdrawn to fluoride ion in CeOxFy (2x+y=3) more 
largely rather than in CeF3. This causes that the binding energy of F1s electron of the 
oxide fluoride glass is smaller than that of CeF3. A single peak existed in XPS spectra of 
O1s (Fig. 3-11) in the glasses prepared here, although a double peak was observed in that 
in CeO2. The peak position for the glasses prepared in a CO or an Ar atmosphere was 
higher than that for the quartz glass because the electron density around O2- may be 
lowered because the electron cloud is withdrawn toward F- via cerium ion. The oxide and 
fluoride ions in the oxide fluoride glass have the different electronic states from those in 
simple oxide and fluoride, respectively. To elucidate the state of the valence of cerium in 
the glasses, Ce3d and Ce4d spectra are shown in Figs. 3-12 and 3-13. CeF3 and CeO2 
were measured respectively as the references for Ce3+ and Ce4+. The peak profiles for 
Ce3d and Ce4d electrons in the glasses prepared in a CO and an Ar atmospheres were 
mutually similar. But there were difference in peak positions. The peaks of the glass 
prepared in a CO atmosphere located at lower binding energy (about 0.3 eV) compared to 
those in an Ar atmosphere as shown in Figs. 3-12 and 3-13. The peak position and/or 
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profile in XPS spectra depend on the valence state. The mean valence of cerium ion 
increases when the oxidative decomposition of CeOxFy  proceeds. Because the ratio of 
Ce3+ / Ce4+ of the glasses prepared in a CO atmosphere was larger than that in an Ar 
atmosphere, the peaks in the XPS spectra of the glasses prepared in a CO atmosphere 
have to locate at lower binding energy rather than the glasses prepared in an Ar 
atmosphere. In fact this difference was observed in Figs. 3-12 and 3-13. In Ce3d spectra, 
the peak at 919 eV that appeared in the spectrum of CeO2 was not observed in that of the 
glasses (Fig. 3-12). Furthermore, the peak pattern of the glasses in Fig. 3-12 differed 
completely from that of CeF3 [25-27]. Fig. 3-13 shows that the Ce4d spectra of both 
glasses. The peak near 105 eV is the peak corresponding to Si2p. The peaks at 109 (not 
identified yet), 123(4d5/2), and 126 (4d3/2) eV that appeared in the spectrum of CeO2 were 
not observed in the spectra of the glasses (Fig. 9). The peak pattern of the glasses in Fig. 
9 were completely different from that of CeF3. The electronic state of cerium ion must be 
distinctive to the glass obtained in this study. In other words, the presence of both 
fluoride and oxide ions may give a unique electronic state to cerium. 
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Fig. 3-10 F1s spectra of  CeF3 and 10CeF3-20BaF2-10AlF3-60SiO2 glasses prepared in CO and Ar 
atmospheres.  
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Fig. 3-11 O1s spectra of CeO2, Quartz glass and 10CeF3-20BaF2-10AlF3-60SiO2 glasses prepared 
in CO and Ar atmospheres.     
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Fig. 3-12 Ce3d spectra of CeF3, CeO2 and 10CeF3-20BaF2-10AlF3-60SiO2 glasses prepared in Ar 
and CO atmospheres.  
 
 
Fig. 3-13 Ce4d spectra of CeF3, CeO2 and 10CeF3-20BaF2-10AlF3-60SiO2 glasses prepared in Ar 
and CO atmospheres. 
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Conclusion 
 
Chapter 1  
Results of this study clarified that, even given identical preparation compositions 
of glazes, physical properties differ after firing according to the different amounts of 
coarse particles of the glaze slurry. It is easy to generate crazing and it is difficult to 
generate exfoliation of the over-glaze color if many coarse particles larger than 20 μm 
exist in the glaze. Moreover, it is difficult to generate crazing and it is easy to generate 
exfoliation of over-glaze color if the glaze contains few coarse particles. The causes of 
the changes in these physical properties are explainable: the glaze containing many 
coarse particles is rich in the alkali glassy phase composition; therefore many solid-phase 
quartz particles exist. Furthermore, because unevenly sized air bubbles resulting from 
solid particles exist, the glaze network structure is easily broken and cracks in the glaze 
can easily occur. The results of SEM observation indicated that the generation of the 
crazing of glaze was related closely to the amount of coarse particles in the glaze. Large 
cracks must develop into crazing. Moreover, small cracks are inferred to ease the stress 
imparted on the glaze. The tensile stress of the over-glaze color in the cooling process 
after firing is a primary factor of crack generation between the over-glaze color and glaze. 
Quartz particles and micro-cracks in the glaze block the advance of the generated crack, 
and are considered to prevent over-glaze color exfoliation. According to area analyses of 
the cross-sections of the glaze (more than 12.4 mass% of residue over 20 μm) with 
which an over-glaze color did not exfoliate; Si was detected in the glaze surface. 
Therefore, the quartz particles might exist on the glaze surface. The glassy phase of the 
glaze with a few coarse particles is homogeneous and contains much silica. The network 
of the glassy phase becomes stronger than a glaze containing many coarse particles. 
Moreover, because air bubbles are also small, it is thought that cracks generated inside 
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the glaze are prevented. However, when a crack occurs between an over-glaze color and 
glaze, nothing blocks the crack advance because the composition distribution of the glaze 
is homogeneous. Therefore, cracks progress and over-glaze color exfoliation occurs. 
 
 
Chapter 2 
Addition of SiO2 prevents exfoliation of the overglaze color. Crazing tends to 
occur easily when large quantities are added to the glaze. Regarding the addition of 
SrCO3, the overglaze color readily exfoliates. Crazing tends to be controlled. The 
addition of ZnO yielded good results for prevention of overglaze color exfoliation and 
crazing. The respective additions of SrCO3 and ZnO were effective to lower the melting 
start and the glaze melting temperature. Flexural strength was raised when SrCO3 or ZnO 
was added to the glaze. The body brightness changed according to the additive. The 
brightness of the SiO2 and ZnO additive glazes was high compared to the base glaze. The 
brightness of SrCO3 additive glaze was low. Remnant bubbles or grain particles in the 
glaze improves the brightness. In light of the points described in this paper, glaze 
properties can be controlled by adding some additives to the base glaze. 
 
 
Chapter 3 
Pale yellow glasses were obtained in the CeF3-BaF2-AlF3-SiO2 system in CO. At 
compositions around 10CeF3-20BaF2-10AlF3-60SiO2 and 
20CeF3-10BaF2-10AlF3-60SiO2, glasses were prepared reproducibly at 1300°C heating, 
with 90 min holding. It was possible to prepare glass containing 40 mol% of CeF3, which 
is the maximum attempted in this study. The CeF3-containing oxide fluoride glass 
prepared in CO exhibited blue emission under UV irradiation. The emission spectrum 
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was separable into three peaks with peak positions at about at 410 (peak-1), 445 (peak-2), 
and 490 nm (peak-3). The energy difference between peak-1 and peak-2 might 
correspond to the split of 2F5/2 and 2F7/2 by spin-orbit interaction. The intensity of peak-3 
tends to be larger when the excitation wavelength lengthens. Two kinds of Ce3+ might be 
located in different environments in the glasses. Results from XPS measurements show 
that the oxide and fluoride ions in the oxide fluoride glass prepared in this study have the 
different electronic states from those in simple oxide and fluoride, respectively. The peak 
profiles for Ce3d and Ce4d electrons in the glasses prepared in CO and Ar were mutually 
similar and completely different from those of CeF3 and CeO2. There were the difference 
in the peak positions of about 0.3 eV. These results suggest that the presence of both 
fluoride and oxide ions may give a unique electronic state to cerium ion and the change in 
the mean valence could reflect in the difference in the peak position. 
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Appendix 
 
I. Emission spectra of several glass composition 
Figure I-1 shows the emission spectra of several glass compositions excited at 
320nm. The positions of the peak center varied with the glass composition.  
 
The positions of the peak can be divided in the content of SiO2. The peak center of the 
emission spectra of the glasses containing 60 mol% SiO2 are observed on the long 
wavelength side than those of the glasses containing 50 mol% SiO2. It is probably 
because the strength of the ligand field around the emission center in the glass changes 
Fig. I-1 Emission spectra of CeF3-BaF2-AlF3-SiO2 glasses. Excited at 320nm. 
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with the composition [1]. Ce3+ emits light by 4f-5d transitions; the matrices influence the 
5d level of the excitation band [2]. The change in the inter emission ionic distance, the 
change in the electronegativity of the ligand and the change in the amount of non-bridge 
oxygen from the changes in the glass composition will influence the ligand field [1]. The 
broad peaks that are the characteristics of the emission of the 4f-5d transitions were 
observed, and those were expected to contain several peak elements [3]. The spectra of 
each composition were decomboluted. The emission spectra of all glasses could be 
separated to the three peaks. The differences in energy that were calculated from the peak 
center wavelength between the peak-1 and the peak-2 were about 2000 cm-1. This 
corresponds to the difference in energy of two level (2F5/2 and 2F7/2) of the ground state 
that split by the spin-orbit interaction [4]. The peak-3 will be corresponding to the 
transition from the level that split of the 5d orbital by the ligand field [2]. In case of the 
long-wavelength excitation, the relative strength of the peak-3 rises, and the peak shifts to 
the long-wavelength side. Though differences exist in the shift quantity, this phenomenon 
can be observed by all the composition. This is probably that because the emission center 
of the different level exists by the influence of the ligand field. 
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II. XPS spectra of several glass composition 
Chemical states of the glass composition were examined to investigate the 
factor of the change of the emission spectra with the composition of the glass. The figures 
II-1 to II-4 show the XPS spectra of each glass.  
 
 
 
 
 
 
Fig. II-1 F1s spectra of CeF3-BaF2-AlF3-SiO2 glasses prepared in CO atmosphere. 
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Fig. II-2 O1s spectra of CeF3-BaF2-AlF3-SiO2 glasses prepared in CO atmosphere. 
Fig. II-3 Ce3d spectra of CeF3-BaF2-AlF3-SiO2 glasses prepared in CO atmosphere. 
 79 
 
 
 
F1s spectra are divided into two positions roughly by the composition. It is divided by the 
content of SiO2 in the glass. F1s of the glasses that SiO2 contains the 50 mol% were 
observed on the higher energy side than that of the glasses that SiO2 contains the 60 
mol%. The electronegativity of the fluoride ion is the highest of all elements. Because the 
rate of the fluoride ion rose, the binding energy of the fluoride of the glasses that contains 
the 50 mol% SiO2 grew large. There were same tendency in case of the glasses that SiO2 
contains the 60 mol%. The binding energy of the fluoride ion of the 
20CeF3-10BaF2-10AlF3-60SiO2 that has much fluoride ion is larger than 
10CeF3-20BaF2-10AlF3-60SiO2. On the other hand, it can consider that the covalency of 
the fluorine in the glass become higher, because of the increasing of the fluoride ion. The 
fluoride ion will be the state of condition called bridge fluorine and would participate in 
the glass network.  O1s spectra are divided into two positions roughly by the composition 
as well as the case of the F1s spectra. O1s spectra are shown in the figure. Regardless of 
Fig. II-4 Ce4d spectra of CeF3-BaF2-AlF3-SiO2 glasses prepared in CO atmosphere. 
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the composition, the peak shapes of the spectra are the singlet peaks like the peak of SiO2. 
O1s of the glasses that SiO2 contains the 50 mol% were observed on the lower energy 
side than that of the glasses that SiO2 contains the 60 mol%. It contrasted with the F1s 
spectra. The increasing the fluoride ion will cause the change of the energy state in the 
glass. As the fluoride ion increase, the electron is attracted more strongly in the glass. The 
electron will be supplied by oxide ion in the glass. And that electron to keep the charge 
neutrality inside the glass will ease imbalance of the electric charge. Generally, the O1s 
spectrum of the originating in oxygen of SiO2 appears about 533eV [1-2]. All the spectra 
of O1s of the oxide fluoride glasses that were made in the present study were observed on 
the higher energy side than SiO2 or SiO2 glass. On the other hand, the F1s spectra were 
observed on the lower energy side than the pure fluoride CeF3 and BaF2. The oxide 
fluoride glasses will be considered to the intermediate compound of the oxide and the 
fluoride. 
In case of the crystal, when the crystal field around the emission ion grows 
large, the emission peak wavelength shifts to the long-wavelength side [3]. And, the 
covalency between Ce3+ and the ligand O2- becomes strong by the increase in the crystal 
field. There are put in order about each of the oxide fluoride glass anionic combination 
condition as follows. 
1. When the SiO2 content is large, the emission spectrum shifts to the 
long-wavelength side. 
2. When the SiO2 content is large, the covalency of oxygen becomes high, and the 
covalency of fluorine becomes low. 
3. When the SiO2 content is small, the emission peak wavelength shifts to the 
short wavelength side. 
4. When the SiO2 content is small, the covalency of oxygen lowers, and the 
covalency of fluorine becomes high. 
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When the SiO2 content is large, the ligand field around the emission center grows large 
from the above reason. When the SiO2 content is small, the ligand field becomes small. 
When the SiO2 content is small, it can be consider that the reason of the ligand field 
becomes small in the following. 
1. Because the covalency of Ce3+ which is an emission ion, and the ligand O2- was 
weakened due to the increase in CeF3. 
2. Barium that relatively increases will cut the glass network and the glass 
structure spread out.  
Ce3d and Ce4d spectra are shown in the figureII-3 and the figure II-4, respectively. The 
brown coloration increases when the content of CeF3 increases. Therefore, it can surmise 
that the valence state of the cerium is different. However, the new peak and shift of the 
position weren't observed in Ce3d and Ce4d spectra. Though it was mentioned in the 
chapter-3, electronic condition of the cerium ion is probably influenced by the ligand. 
Increases in the content of the cerium involve the fluoride ion increases. Furthermore, 
increasing in the content of CeF3, the possibility of the occurrence of the hydrolysis rises 
[4]. Though the valence electron obviously became high and moreover the coloration was 
seen in glass, the great difference wasn't observed and the condition of the cerium ion 
will be different. Ce3d and Ce4d spectra of the glasses are the spectrum shapes that are 
characteristic of the glass compound because it is different from the spectrum shape of 
the typical oxide or fluoride. From the result of F1s and O1s measurements, the function 
to ease the imbalance of the electric charge caused by the change of the composition 
might happen inside glass. The peak around 105 eV that it is observed on the Ce4d 
spectrum is a Si2p spectrum. Though the Ce4d spectra weren't observed the shift, the 
Si2p spectra were observed the shift. This is probably the result that the covalent binding 
of the silicon and oxygen decreased by decrease in content of SiO2. The reason why the 
covalency decreased with increase in the fluoride ion or the barium ion is probably 
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because the glass network was cut by these ions. 
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III. Absorption Spectra 
Figure III-1 shows the UV-VIS absorption spectra of CeF3-BaF2-AlF3-SiO2 
glasses. These spectra were measured using a spectrophotometer (U-2000; Hitachi Ltd.). 
 
 
 
 
 
 
 
Fig. III-1 Absorption spectra of CeF3-BaF2-AlF3-SiO2 glasses. 
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IV. Raman Spectra 
The Raman spectra were measured using the Dispersive Raman Spectrometer 
(NRS-1000, JASCO corp.). The figure IV-1 shows the Raman spectra of 
CeF3-BaF2-AlF3-SiO2 glasses. Those spectra were different from the typical spectrum 
such as silicate glass [1]. The large broad peaks are seen between 800 cm-1 and 1100 cm-1 
with the spectra. These probably belong to the stretching vibration of Si-O. And, 940 
which is the stretching vibration of Si-F would be included, too [1]. The peak of Ce-F 
bond can be observed at 460 cm-1 [2]. This peak can be observed clearly by the 
composition that has much CeF3. 
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V. The glaze samples containing rare earth fluoride 
Figures V-1 to V-17 show the glaze samples, which contain the rare-earth 
fluoride. ZnO was added to 5 mass% as a melting adjuvant. The rare-earth fluoride are 
contain 3 mol% in the glaze samples. The mixtures were heated at 1400℃ for 120 
minutes in the air, and did the slow cooling. 
     
Fig. V-1 YF3       Fig.V-2 LaF3       Fig.V-3 CeF3       Fig.V-4 PrF3       Fig. V-5 NdF3 
     
Fig. V-6 NdF3      Fig.V-7 SmF3      Fig.V-8 EuF3      Fig.V-9 GdF3     Fig. V-10 TbF3 
           Sunlight 
     
Fig. V-11 DyF3     Fig.V-12 HoF3     Fig.V-13 HoF3     Fig.V-14 ErF3     Fig. V-15 TmF3 
                                                                        Sunlight 
  
       Fig. V-16 YbF3   Fig. V-17 LuF3 
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